Purpose: To describe and validate the micro-instillation of fluorescein on the ocular surface by a disposable calibrated inoculation loop to improve corneal and conjunctival staining quality. Methods: Accuracy and precision of the volume of 0.5% sodium fluorescein collected by a single use 1 ll-calibrated inoculation loop were measured using a precision balance. Twenty patients (40 eyes) suffering from dry eye syndrome were enrolled in a prospective interventional nonrandomized study. Fluorescein was instilled with the loop, and slit-lamp images were taken within 30 seconds using cobalt blue light with and without a yellow barrier filter. For comparison, after a washout period, the same images were retaken after instillation of one drop of fluorescein from a single-dose unit. The main outcome measure was the staining quality assessed by three experts, blind to the instillation method. Patient discomfort (tolerance, by a questionnaire) was also compared. Results: The mean volume collected by the loop was 1.18 AE 0.12 ll, compared with 33.70 AE 6.10 ll using the single-dose unit. The loop avoided excess dye responsible for unpleasant tearing, masking of lesions and rapid diffusion into the stroma. Micro-instillation greatly improved image quality without losing information. The yellow filter further improved image contrast. Tolerance was excellent. Conclusion: The 1 ll-calibrated inoculation loop is a safe, convenient, inexpensive, disposable, sterile, well-tolerated tool for reproducible micro-instillation of commercial fluorescein. By greatly improving staining quality, it will help standardize assessment of dry eye severity.
Introduction
Sodium fluorescein has been used in clinical ophthalmology since the 1880s (Pfl€ uger 1882) to assess ocular surface integrity and to diagnose and follow-up patients with dry eye syndrome. Even if new and more sophisticated methods emerge in this field (Baudouin et al. 2017) , assessment of ocular surface staining remains the basis. Until now, a semi-quantitative score called the modified Oxford scheme is determined during patient examination with a slit lamp (Bron et al. 2003) . The score indicates initial syndrome severity and allows monitoring of the clinical response to a new therapy. Several objective quantification techniques in image analysis have recently emerged for fluorescein corneal staining (Chun et al. 2014; Rodriguez et al. 2015) . Their development requires capturing high-quality fluorescence images. Besides an optical imaging system with sufficient sensibility and resolution, the method used to deliver fluorescein onto the ocular surface is also essential, as fluorescein quantity affects fluorescence intensity (Romanchuk 1982; Morgan & Maldonado-Codina 2009) . In daily practice, clinicians use strips or instil one drop of fluorescein solution. Both are imprecise: strips deliver 7-15 ll depending on their preparation (Korb et al. 2001 ) and one eye drop delivers 25-70 ll depending on the delivery device (Van Santvliet & Ludwig 2004) . Instillations therefore vary greatly. In addition, the concentration of commercial fluorescein solutions varies between manufacturers. In clinical trials where ocular surface lesions must be quantified, the method of instillation is typically standardized between patients, but it varies between trials (Kaido et al. 2011; Yao et al. 2015; Wozniak et al. 2016; Yoon et al. 2016) .
To deliver fluorescein more precisely than standard fluorescein strips or eye drops from a vial or a single-dose unit, two methods are used. A laboratory micropipette with a disposable tip, used for clinical trials, is precise but not user-friendly, and the sharp end of the plastic tip may be dangerous. More recently, a spray device able to precisely deliver 10 ll of fluorescein solution onto the ocular surface was reported, (van Rooij et al. 2015) .
Inoculation loops are reliable, simple, inexpensive and disposable tools routinely used in microbiology laboratories to deliver calibrated amounts of various aqueous liquids. In this paper, we investigate a new method of fluorescein instillation by means of a small 1 ll-plastic inoculation loop to improve the quality of corneal staining in dry eye.
Materials and methods
Comparison of 0.5% and 0.1% fluorescein To obtain a sodium fluorescein solution of 0.1%, 0.5% sodium fluorescein eye drops (Fluorescein Faure single dose; SERB laboratories, Paris, France) were diluted with 0.9% sodium chloride (Hydrabak; Thea Laboratories, Clermont-Ferrand, France) at pH = 7.04. In practice, 40 ll of 0.5% fluorescein was diluted in 160 ll of Hydrabak in a Petri dish. We then compared the baseline fluorescence of 200 ll of the 0.5% eye drops and of the 0.1% dilution. Both were illuminated with a 250 W white halogen light source using a blue exciter filter (483-nm centre wavelength, 31-nm bandwidth; Edmund Optics, York, UK) placed at a distance of 5 cm and delivering 4.8 mW/cm². Images were taken with a Coolpix digital camera (P7000; Nikon, Tokyo, Japan) with and without a yellow barrier filter (525-nm Long Pass filter; Edmund Optics). In addition, fluorescence emitted by 100 ll of 0.1% and 0.5% fluorescein was quantified by a microplate fluorometer (Fluoroskan Ascent; Thermo Fisher Scientific, Waltham, MA, USA). Measurements were performed on five wells of an opaque black plate.
Performance of calibrated loops in the transfer of fluorescein
We chose a 1 ll sterile rigid polystyrene, disposable inoculating loop in individual packaging locked by thermal welding (VWR, Radnor, PA, USA). We compared two methods of loop immersion in the dye solution, Albers & Fletcher (1983) having shown that this could influence the amount of liquid retained inside the loop (Fig. 1A-C) . This was tested with crystal violet aqueous solution and distilled water but not fluorescein. The loop was inserted vertically or horizontally into the liquid. To measure the amount of liquid delivered by the loop (assuming that 1 ml of fluorescein solution weighed 1 mg), the liquid was transferred to blotting paper placed on a precision balance with a readability of 0.01 mg (Explorer; Ohaus, Parsippany, NJ, USA). For comparison, one eye drop delivered by a 0.5% fluorescein single-dose unit was also weighed in a Petri dish (Corning Life Sciences, Corning, NY, USA). Each measurement was performed 10 times. Measurements were performed quickly to avoid evaporation. Data were described as a mean AE standard deviation. Accuracy and precision were also calculated for the calibrated loop. Accuracy was expressed as the mean difference (in percentage) between expected and measured amounts (here, 1 ll). Precision was assessed by the agreement between repeated measurements, corresponding to intra-assay variability and expressed as the coefficient of variation (CV) (standard deviation/mean) of the replicates (Jacobs et al. 2000) .
Patients
Twenty patients aged 46-85 years (14 women, six men) were recruited at our Department of Ophthalmology's dry eye consultation. All patients were informed and gave their oral consent prior to inclusion in this study. The study was approved by the Institutional Review Board of Saint-Etienne University Hospital in accordance with the tenets of the Declaration of Helsinki (IRBN712015/CHUSE).
Image acquisition
One 0.5% sodium fluorescein singledose unit was emptied in a sterile Petri dish. The dye was collected with a sterile 1 ll-calibrated loop (held vertically) and instilled in the upper bulbar conjunctiva of the right eye of each patient without topical anaesthesia ( Fig. 1D -G). Patients were asked to blink three times. Images of the cornea were taken in the dark within 30 seconds after instillation using an SL-D7 slit lamp (Topcon, Tokyo, Japan) equipped with a D1X digital camera (Nikon), at 109 and 169 magnification, using the cobalt blue exciter filter with and without a yellow barrier filter (525-nm long pass filter; Edmund Optics) to enhance image contrast and improve staining detection (Cox & Fonn 1991; Bron et al. 2003) . This filter was comparable to the Wratten #12 yellow filter used in several clinical trials (long pass filter transmitting over 510 nm), but a slightly longer wavelength was chosen to remove all the blue excitation light (illumination reflex) and only receive the fluorescence signal. Slit illumination was set at level 6 out of 7, and the flash was set at 3 or 4 out of 8. After a 10-min washout period, one drop of 0.5% sodium fluorescein from a single-dose unit was instilled in the same eye in the conjunctival fornix ( Fig. 1H-K) , and after three blinks, images of the cornea were taken within 30 seconds after instillation, in the same conditions. This method is hereafter called macro-instillation. A 10-min washout period was sufficient to eliminate the very small volume of fluorescein delivered by the loop and to avoid interfering with the macro-instillation's results. This study design allowed a direct comparison of both methods of instillation on the same corneas at the same time. The same protocol was repeated on the left eye. Images were saved as RGB uncompressed tagged image format files (TIFFs; 3008 9 1960 px) using the IM-AGENET 2000 version R-2.59 slit-lamp interface (Tocpcon). At the end of the examination, patients were asked to evaluate their discomfort from the inoculation loop using a qualitative scale: no, mild, moderate or severe sensation.
Image analysis and statistics
All images were anonymized and processed with ADOBE PHOTOSHOP CC (version 2014.2.2; Adobe Systems, San Jose, CA, USA) using only the autocontrast mode. Images were analysed blind to method and independently by three experts who determined: the Oxford grade (0-5), the risk of punctate keratitis being masked by excess dye (yes/no); the best of the four images of each eye; whether the yellow filter improved identification of lesions (yes/no). For each image and each eye, the experts co-determined the final Oxford grade (number of dots according to the semi log scale).
Distribution of the consensual Oxford grades between micro-and macro-instillation was compared using the McNemar-Bowker test. The percentage of perfect agreement between the Oxford grades of the three observers, the percentage of high disagreement between observers, the percentage of images presenting a risk of excess dye, the percentage of best images and the percentage of cases improved by the yellow filter between micro-and macroinstillation were compared using a chisquared test. To estimate the inter-rater agreement of the Oxford grades, we calculated the intraclass correlation coefficients (ICCs) with their 95% confidence interval. Intraclass correlation coefficients (ICCs) were calculated using a two-way mixed effects model with a consistency option. Statistical analysis was performed using IBM SPSS Statistics V 23 (IBM Corp, Armonk, NY, USA). p < 0.05 was deemed significant.
Results
Fluorescence intensity of 0.5% and 0.1% sodium fluorescein Figure 2 showed the self-quenching observed with 0.5% sodium fluorescein solution compared to 0.1% sodium fluorescein in 0.9% sodium chloride with blue light excitation (with and without an adapted yellow barrier filter to enhance fluorescein visibility). Emitted fluorescence was 10 times higher for 0.1% fluorescein than for the 0.5% solution, with respectively, 2.12 9 10 5 AE 1140 versus 3.89 9 10 4 AE 1899 relative units (p < 0.001).
Performance of calibrated loops and of single-dose units in transfer of fluorescein After 10 weightings for each instillation method, the mean AE SD instilled amount of fluorescein by the loop held vertically and horizontally was, respectively, 1.18 AE 0.12 ll and 2.15 AE 0.33 ll(p < 0.001). The amount instilled by the single-dose unit was 33.70 AE 6.10 ll. The calibrated loop always delivered more than 1 ll. Accuracy and precision were better when the loop was held vertically to take the dye (18 AE 12% overdosage and 10% CV) than when held horizontally (115 AE 33% overdosage and 16% CV; p < 0.001 for accuracy). For comparison, single-dose precision was 18%.
Clinical assessment
Forty eyes were graded using the Oxford scheme (Bron et al. 2003 ) (five grade 0, seven grade I, eight grade II, 12 grade III, five grade IV and three grade V, according to a consensual grading that is to say obtained by at least two experts). A set of 160 images was recorded (20 patients, two eyes, four images per eye: micro-instillation with and without yellow barrier filter, macro-instillation with and without yellow barrier filter).
For the three independent observers, the ICC for the Oxford score was 0.875 95% CI (0.822-0.915) for micro-instillation and 0.826 95% CI (0.759-0.879) for macro-instillation. Perfect agreement between the three experts was observed in 34 (42.5%) versus 30 (37.5%) of cases, respectively, for micro-and macro-instillation (p = 0.311). A disagreement of two grades between two experts was observed in nine (11.3%) versus 16 (20%) of cases, respectively, for micro-and macro-instillation (p = 0.127). The distribution of consensual Oxford grading did not differ between micro-and macro-instillation (Table 1) . Nevertheless, for intermediate grades (1-3), which were most frequent, micro-instillation allowed upgrading of 11/80 (14%) cases (seven increased by one grade, three by two grades, one by three grades) because it unmasked several lesions; only three images were downgraded. The three observers recognized the instillation method in 97.5-100% of cases and judged that the best image was obtained with micro-instillation for 87.5-92.5% of eyes. They estimated that the risk of masking by excess dye was always significantly higher with macro-instillation (risk varying from 65% to 82.5% of the cases) than with the micro-instillation (risk varying from 2.5% to 8.8%, p < 0.001 for each observer). Finally, they estimated that image improvement by the yellow filter did not differ between micro and macro-instillation, with image quality improved in 62.5-87.5% of cases (p > 0.05 for each observer).
Inoculation of one drop of fluorescein instilled in the conjunctival fornix had four disadvantages illustrated in Fig. 3 : 1/tearing and spillovers on eyelids; 2/an increase in the tear river, making it difficult to clearly see lesions in the bottom of the cornea; 3/background noise due to an excessive amount of dye on the ocular surface; it took more than 30 seconds for the excess fluorescein to dissipate and see the lesions appear; 4/fast diffusion of staining in the stroma.
Conjunctival lesions stained by fluorescein were more visible with the yellow barrier filter (Fig. 4) .
Tolerance by patients
All patients felt "no sensation" regarding discomfort or pain from inoculation with loop. One patient felt stinging during drop inoculation with the single-dose unit. Among all patients, 55% felt no difference between loop and the eye drop of the single-dose unit, while 45% felt more comfortable with the loop due to the absence of tearing or because they felt nothing at all. Some patients had coloured tears flowing down their cheeks after macro-instillation.
Discussion
Analysis of the pattern of ocular surface staining with fluorescein is essential in the diagnosis and follow-up of multiple corneal diseases, especially dry eye. Though sufficient for routine examination in daily practice, instillation of one eye drop of fluorescein is not optimal for obtaining the reliable and standardized images necessary in clinical trials. In this paper, we showed that the use of a 1 ll-calibrated inoculation loop (held vertically) greatly improved image quality by Table 1 . Oxford grading after micro-and macro-instillation. The difference was not significant (p = 0.238). (14) 13 (16) 18 (23) 23 (29) 9 (11) 6 (8) Macro-instillation n (%)
13 (16) 16 (20) 19 (24) 16 (20) 10 ( reproducibly delivering a very small amount of dye. Images obtained after such a micro-instillation are easily distinguishable from conventional images obtained with one eye drop. The advantage of reducing the amount of dye added to the tear film was already shown for breakup time measurement, (Korb et al. 2001; Kim et al. 2015) but the authors did not use inoculation loops. Moreover, a concentration of 0.1-0.2%% was shown to limit fluorescein self-quenching (Nichols et al. 2012; Tan et al. 2013 ), a property defined by a decrease in fluorescence intensity at higher concentration, probably due to molecule collisions which dissipate absorbed energy without emitting light (Romanchuk 1982) . In addition, with a concentration around 0.1%, fluorescence is proportional to tear film thickness (Bron et al. 2003) . The thicker the tear film, the more the stain pattern will be obscured by tear film fluorescence. A concentration of 0.1% can be obtained on the ocular surface by instilling 1-2 ll of a commercial 0.5% solution of fluorescein, given that the average tear volume in normal subjects ranges from 6.2 to 9.7 ll (Mishima et al. 1966; Scherz et al. 1974; Xu & Tsubota 1995) . In patients with dry eye, values can decrease by as much as 4.8 ll (Scherz et al. 1974) . Single-dose units release an imprecise and nonreproducible amount of fluorescein, due to the dose unlocking method, the variable tip aperture diameter and the angle of application (Van Santvliet & Ludwig 2004) .
Inoculation loops of various diameters are routinely used in microbiology laboratories to inoculate known quantities of micro-organisms. We thought the smallest loop could advantageously replace the micropipette to precisely deliver 1 ll of sodium fluorescein onto the ocular surface. To collect and instil the smallest possible amount, the loop must be held vertically. With this precaution, the amount is 1.18 ll, which is in the acceptable range (1-2 ll) of 0.5% sodium fluorescein needed to obtain a local concentration of 0.1% on the ocular surface, after dilution into the tear film. Moreover, the 1 ll-calibrated loop held vertically is very precise compared to the singledose unit. These results are consistent with Jacobs et al. (2000) who tested accuracy and precision of 10-and 1 ll-calibrated loops held vertically. Moreover, the consistency of amount delivery of each manufacturing batch of loops is inspected and certified using the Evans Blue Dye Method, cited in various publications by the America Society for Microbiology and estimated at 18% (acceptable tolerance: AE20%) (Clarridge et al. 1987; Isenberg 1992) .
All the disadvantages of the macroinstillation are corrected by the microinstillation, resulting in corneal lesions visible in higher contrast on the whole corneal surface. Images are improved mainly by reducing the likelihood of some lesions being masked by excess dye. This likelihood is estimated at 77% for macro-instillation and at only 6% for micro-instillation (mean of the three experts). In this study, image improvement did not significantly modify the Oxford grading of the whole series but allowed the most frequent grades (1-3) to be reclassified. This detail can be crucial in clinical trials when the Oxford grade is the primary end-point. Better discrimination of low and intermediate Oxford grades could prove very useful.
Moreover, 1 ll of fluorescein could be diluted in a reduced amount of tears and spread on the ocular surface even in patients with severe dry eye.
In addition, as described in the literature, a yellow barrier filter greatly improved visualization of corneal lesions by increasing contrast between stained area and background during slit-lamp observation after instillation of fluorescein (micro-or macro-instillation) and unmasked small lesions. This improvement does not statistically differ between both instillation methods. However, in some cases after macroinstillation, the yellow barrier filter was useless and did not allow corneal lesions to be visualized, due to excess dye on the ocular surface. In contrary, after micro-instillation, this filter almost always improved detection of staining: it facilitates visualization of already detected lesions and reveals new ones by increasing contrast between stained areas and background. Moreover, it also improves visualization of conjunctival lesions stained with sodium fluorescein, even though lissamine green staining remains the gold standard.
Finally, the 1 ll-calibrated loop was well tolerated by patients, in particular, because it avoids the tearing often observed after instillation of one eye drop from a single-dose unit, and the risk of stained clothing. Reduction in the unpleasant tearing is directly due to the very limited volume of liquid and also very likely to a less important stimulation of reflex tear secretion.
In conclusion, the 1 ll-calibrated inoculation loop is a safe, convenient, inexpensive (approximately US$0.30/ loop), disposable, sterile and well-tolerated tool for obtaining a reproducible micro-instillation of commercial 0.5% fluorescein onto the ocular surface. By greatly improving staining quality, it will help standardize assessment of dry eye severity.
